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Abstract

Background and Aim. As a result of the Soviet land resource planning system, large agrofields in
Northern Kazakhstan have historically been delineated by administrative boundaries rather than relief
characteristics, which can impact soil moisture heterogeneity under semi-arid conditions. This study
aims to quantify how micro-relief variability controls soil moisture distribution within a representative
chernozem field using UAV-derived terrain data and in-situ soil moisture telemetry.

Materials and Methods.The study was conducted in test Field No. 64 (440 ha), Kostanay region,
Kazakhstan. The high-resolution Digital Terrain Models were generated from UAV photogrammetry
(Mavic 2 Pro; August 2024) and used to characterize elevation gradients. The six Sentek Drill & Drop
probes (0-60 cm, 10 cm intervals) were installed within the elevation range and recorded volumetric
water content at 30-minute intervals from May-September 2025, the telemetry from sensors was quality-
controlled and aggregated to monthly means. Elevation effects were assessed to determine relationships
for each month and depth horizon using Pearson and Spearman correlations and ordinary least-squares
regression (VWC = a + beElevation).

Results. Despite a small elevation span (~3 m at probe locations), monthly mean soil moisture
exhibited consistent moderate associations with elevation, particularly in the early season and deeper
horizons. Statistically significant Pearson relationships (p < 0.05) were observed for May at 10-20 cm
(r=-0.95;b=-3.03% VWC per m; R>=0.90), 20-30 cm (r =-0.91; b = -1.87% per m; R* = 0.83), and
50-60 cm (r = -0.86; b = -2.08% per m; R? = 0.73). In June, significant effects persisted at 40-50 cm
(r=-0.86; b =-1.47% per m; R* = 0.74) and 50-60 cm (r = -0.93; b = -2.67% per m; R? = 0.86), and in
July at 50-60 cm (r =-0.85; b =-1.82% per m; R* = 0.72), indicating systematically wetter conditions at
lower microtopographic positions.

Conclusion. Integrating UAV-derived terrain metrics with depth-resolved soil moisture telemetry
enables detection of meaningful micro-topographic controls on root-zone water availability within large
steppe agrofields. The identified elevation—moisture gradients can support within-field zoning, targeted
water-conservation practices, and more robust interpretation of remote-sensing soil moisture products
in Northern Kazakhstan.

Keywords: Soil; moisture; relief height segmentation; soil moisture telemetry; UAV scanning the
agrofields; North Kazakhstan.

Introduction

Productive moisture, defined as the portion of water in the soil accessible for plant uptake, is critical
for maintaining plant growth and synthesizing organic matter. In Northern Kazakhstan, the thermal
regimedoes not typically limit the growth and development of grain crops. Instead, the availability of
atmospheric precipitation, which influences the reserves of soil moisture during the growing season,
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is the primary factor determining productivity [1]. Research has shown that in the dry steppe zone,
each millimeter of soil moisture contributes to the formation of up to 14 kg of grain, while summer
precipitation contributes 12.2 kg per mm [2, 3]. These results highlight the critical importance of
effective water management in agricultural systems.

Against this backdrop, investigating the influence of topographical variation on soil moisture
distribution becomes a pressing scientific and practical concern. Remote sensing technologies and UAV-derived
digital terrain models (DTM) now provide powerful tools for studying these dynamics [4, 5]. Rapid
and accurate estimation of crop root zone soil moisture (RZSM) is critical for precision agricultural
water management, especially in arid and semi-arid regions [6]. Understanding the correlations between
topography and soil moisture has the potential to guide sustainable agricultural practices, optimize water
resource management, and enhance crop resilience in arid environments.

In Kazakhstan, the total available land area is estimated approximately 32 mln ha. More than 55% of
that area is located in the dry steppe zone. Kazakhstan’s soil is represented by Chernozem with a humus
content of 3 to 6% [7]. Chernozem is located in the Northern, Eastern, and Central parts of the country.
The South Chernozem in North Kazakhstan occupies 25.3 mln ha and is the most productive soil in the
country. An area of approximately 11 mln ha of Chernozem soil was planted rather with spring wheat
(Triticum aestivum L).

Paradoxically, while the Soviet Union was widely recognized for its advancements in soil science,
including pioneering research on soil fertility, water retention, and land management, the practical
application of these findings often fell short in large-scale agricultural projects. The theoretical and
experimental groundwork laid by Soviet soil scientists provided detailed insights into the relationship
between topographical relief and soil moisture dynamics. However, these contributions were frequently
overlooked in practice, particularly in state-driven campaigns such as the Virgin Lands initiative.

Soviet researchers extensively studied the impact of relief variations on soil moisture distribution,
leveraging field experiments, mathematical modeling, and laboratory simulation. For example, the
work of V. Dokuchaev, often regarded as the founder of soil science, established the foundational
understanding of how topographical and climatic conditions influence soil formation processes [14].
His principles were expanded upon in later decades by scholars like K.K. Gedroits, who investigated
soil moisture dynamics about capillary action and water retention capacity across different soil types [9].

The research of G.V. Dobrovolsky focused on soil hydrology, particularly the role of microrelief in
regulating moisture distribution within arid and semi-arid landscapes [5]. His studies highlighted the
critical importance of slope gradients in influencing infiltration rates and water storage capacity.

One notable contribution comes from A4.4. Rode, whose work emphasized the interaction between
slope processes and soil erosion, further linking relief variations to water availability. Rode’s studies in
Central Asia provided practical recommendations for land management in semi-arid regions, advocating
for contour plowing and the creation of terraces to maximize moisture retention [17].

The legacy of Soviet soil science, however, remains invaluable for modern researchers. Revisiting
the extensive work of scholars like Dokuchaev, Gedroits, Dobrovolsky and Rode offers a wealth of
insights into sustainable agricultural practices and resources management. Incorporating these principles
into contemporary land-use strategies could address current challenges, such as water scarcity and land
degradation, particularly in arid regions like Kazakhstan.

In the Western scientific community numerous studies have explored the intricate relationships
between soil moisture dynamics and topographical variations [11]. In arid and semi-arid regions like
Northern Kazakhstan, these interactions play a pivotal role in agricultural productivity [12, 13]. Early
foundational work by [14] revisited Richard’s Equation (1931) to model unsaturated hydraulic flow,
laying the groundwork for understanding water movements in soils. Philip further advanced infiltration
theories, emphasizing the importance of gradient-driven hydraulic conductivity [16]. Analysis of
capillary tension in unsaturated flow by W.R Gardner, was an attempt ata dynamic modelling approach
to the issues of soil water content [8].

The Brooks and Corey model remains one of the most influential approaches for describing the
relationship between soil moisture and unsaturated hydraulic conductivity [16]. Their methodology,
which integrates soil porosity and retention curves, has been extensively validated across diverse soil
types. Similarly, Gardner’s analytical formulations for capillary tension in unsaturated soils remain
relevant for predicting soil water retention under varying topographic conditions [17].
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Topographical effects were formalized in [ 18]. TOP model, which links spatial soil moisture variability
to elevation gradients. While this model has been widely adopted, its assumption of uniform lateral
flow in unsaturated zones has faced critique. Zaslavsky and Sinai introduced anisotropy considerations,
providing insights into lateral moisture redistribution influenced by soil heterogeneity [22]. Their work
underscored the need to account for microrelief a critical factor in regions with undulating terrains, like
the Kostanay airfields.

Remote sensing technologies have revolutionized soil moisture assessments, offering precise spatial
data. Gelhar and Mantoglou advocated for stochastic modeling to address soil heterogeneity, emphasizing
variability in hydraulic conductivity [10]. More recent studies leverage UAV-derived digital terrain
models (DTMs) and spectral indices such as NDWI (Normalized Difference Water Index) to quantify
soil moisture patterns across topographical gradients. These advancements enable the integration of
temporal datasets, aiding in the analysis of seasonal moisture trends.

With the development of UAV technologies, a new approach to collecting the terrain characteristics
of the field has become available. As a result, the drones can be instrumental at the start of the crop
cycle. They produce precise map data for early soil analysis, which is useful in planning seed planting
[21]. Before the planting season, it is necessary to arrange for land monitoring, including the geography
of the field [22]. Current limitations in technologies need to be improved, such as imperfect hovering
capabilities, constrained flight time and payload [23].

Combining theoretical models with empirical observations, contemporary research highlights the
interplay of topography, vegetation cover, and climate variables in modulating soil moisture. The
integration of UAV technologies with remote sensing and hydrological models offers unparalleled
precision, making it an indispensable tool for modern agroecological research.

Study area description

The research was carried out in study arealocated in the Kostanay region, in the northern part of the
Republic of Kazakhstan . Kostanay region located in continental climate conditions in North part of
the steppe zone which spans over the vast area of Kazakhstan (Figure 1). Annual precipitation is 300-
400 mm and a vegetation period from April to October. The growing season is 150-175 days in the
north and 180 days in the south part of region, with the solar activity period of 250 days per year [7].
Traditionally, the main crops are wheat, barley, sunflower.

Qostanai
region

D Study area, Bannovka village agrofields

Figure 1 — Study area, Kostanay region of Kazakhstan

According to the Food and Agriculture Organization (FAQO) global soil classification framework,
the test field is situated within the mapping unit Ch 15-3a [25]. This designation corresponds to a specific
soil mapping code used in the FAO’s soil legend to denote a distinct combination of soil type, texture,
and associated physiographic conditions.
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Figure 2 — FAO classification soil type of study area Ch 15-3a

C-Chermozems, Ch-Chaplic Chernozems, 15- North & Central Asia, 3 = fine textured topsoil,
= level to gently undulating slopes (0-8%). Scale: 1: 50 000., maps source: https://www.fao.org/
soils-portal/data-hub/soil-maps-and-databases/regional-and-national-soil-maps-and-databases/en/

The soil unit Ch-15-3a corresponds to Haplic Chernozems with a fine-textured (clayey) profile located
on level to gently undulating terrain (0-8% slope) (Figure 2). These soils are characterized by a deep,
dark mollic horizon rich in organic matter, high base saturation (>50%), strong aggregate structure, and
excellent natural fertility. Their fine texture enhances water and nutrient retention, making them highly
suitable for intensive agriculture, particularly in temperate steppe regions. Haplic Chernozems, exhibit a
well-defined horizon sequence typical of steppe soils formed under grassland vegetation. The uppermost
layer is a thick, dark mollic A horizon, rich in organic matter and calcium, with a granular structure, high
base saturation (>50%), and neutral to slightly alkaline pH indicating excellent natural fertility. This
is followed by a B horizon, where increased clay content and moderate structural development occur
due to pedogenic processes such as clay translocation. The deeper Ck horizon contains accumulations
of secondary carbonates (CaCO,), often appearing as nodules or filaments. The soil is fine-textured
(clayey), has strong aggregation, and forms on level to gently undulating terrain. Its structure promotes
good moisture retention and aeration, while the presence of calcium enhances flocculation and root
penetration. These characteristics productive and suitable for mechanized dryland farming, especially
in temperate continental climates.

Materials and Methods

Field No. 64 located in the Kostanay region of Northern Kazakhstan, spans an area of 440 hectares.
The field was surveyed using drone Mavic 2 Pro at the end of August 2024 according to standard
procedures for high-resolution topographic and spatial data collection.

During the drone survey, ground control points (GCPs) strategically were placed across the field
to ensure accurate georeferencing. The images captured by the the UAV were processed to generate
orthophotos and a Digital Elevation Model (DEM). The DEM was subsequently converted into elevation
contours, enabling a comprehensive analysis of the field’s relief (Figure 3).

Relief Analysis of the Field No.64

The elevation data derived from the DEM were analyzed to quantify the field’s topographical
variation. The statistical summary of the elevation data is as follows:

- Minimum elevation: 127.96 m;

- Maximum elevation: 135.55 m;

- Elevation range: 7.59 m;
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- Average elevation: 131.82 m;

- Standard deviation: 1.13 m.

To further investigate the distribution of the field area by elevation, the data were categorized into
I-meter elevation ranges (Table 1).

Table 1 — Illustrates the distribution of the field area across these elevation ranges

Altitude above the Sea level (m) Area (ha) Percentage (%)
<129 2.3 0.7
129-130 20.1 5.8
130-131 61.8 17.9
131-132 106.3 30.8
132-133 95.4 27.6
>134 59.2 17.2

The largest area, 106.3 hectares (30.8% of the total field area), lies within the 131-132 m elevation
range. Other significant ranges include 132-133 m (27.6%) and 130-131 m (17.9%). The lowest elevation
range (<129 m) and the highest range (>134 m) cover smaller proportions of the field, accounting for
0.7% and 17.2%, respectively.

Elevation, m
Bl <=129
79 129 - 130
130- 131
I 131 - 132
N 132-133

—— ) . - 133

Figure 3 — Field No. 64, Kostanay region, North-West Kazakhstan, Fyodorovka district.
The height of the relief spans from 129 to 133 meter above Sea level in Baltic system of heights

To examine the relationship between topography and other field characteristics, the elevation profile
of Field 64 was analyzed in detail. Elevation data were obtained from a high-resolution Digital Elevation
Model (DEM) taken by UAV scanning and classified into discrete 1-meter elevation intervals. This
classification allowed for a systematic assessment of how the field’s surface area is distributed across
different altitude bands. The results of this categorization are presented in Figure 4, which provides a
quantitative summary of the Field 64 area corresponding to each 1-meter elevation range.
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- Sensors positions

Figure 4 — Position of soil sensor probes and relief heights isolines of the test field

The marginal vertical variability implied by the hypsometry, any representative planar gradient
across the field is on the order of 1-5% which is fully corresponds with the FAO classification of
undulating slopes 0-8%.

For the purposes of this study, the influence of relief slope characteristics to the soil moisture
distribution over the study are the Sentek Drill & Drop-probe soil moisture probes are intentionally
positioned across the full range of relief elevations, ensuring spatially representative in-situ measurements.

A total of six soil probe stations were installed in Field 64 on 16 April 2025. The equipment consists
of Sentek Drill & Drop-probe soil moisture probes, each installed to a total depth of 60 cm and configured
to record measurements at 10 cm intervals.

The soil moisture probes were inserted vertically into the soil profile, enabling simultaneous
measurement of volumetric water content and soil temperature at depths of 10, 20, 30, 40, 50, and 60
cm. This installation approach ensures the capture of depth-resolved moisture dynamics within the root
zone and subsoil layers, facilitating high-resolution temporal monitoring of soil water status across
different micro-topographic positions in the field. In this research we implement of field sectoral study
within the 50 m range from the positions of probes as the reliability area (Figure 5). Further Satellite
data processing and statistical aggregation of the data sets were located within the 50-meter range study
sectors over the field area.
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1\,

Figure 5 — Sentek Drill & Drop probe for 60 cm depth probe view and installation

Probes were installed in pre-augured holes and good soil-probe contact was ensured using a slurry
of sieved native soil and water. Probes were connected to HOBO data loggers configured to record
readings every 30 min. Soil temperature data were corrected for thermal lag using adjacent surface
measurements and calibrated against air temperature from the meteorological station (Figure 6).

a-Probe # 64-1 S b-Probe # 64-2

e FLANK

o-Probe # 64-3 d-Probe # 64-4
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- eProb # 4-5 o f-Probe # 64-6
Figure 6 — Sentek Ground soil probes installation field view
a, b, ¢, d, e, f- pictures are the positions of the probes in different angle of view

In this study, all in situ soil probes were bench calibrated under laboratory conditions prior to
field deployment. Following installation, the probes require an equilibration period of approximately
2-3 weeks for readings to stabilize and for internal self calibration routines to complete. Consequently,
by the time of the first field campaign and the coincident satellite acquisitions, the probe records can
be treated as stable and reliable for analysis, for the protecting the equipment from external factors,
locations were marked by wood sticks and tape (Figure 6).

Telemetry is provided via the GSM cellular network, and measurements are acquired at a 30 min
sampling interval. The user facing software allows configurable temporal aggregation, enabling data
retrieval as hourly records or as daily averages, and supports export in multiple standard data formats to
facilitate downstream processing.

Statistical analysis of in-situ soil-moisture telemetry

Half-hourly volumetric water content (VWC, %) records from the six Sentek Drill & Drop-probes
were quality-controlled prior to analysis. Data were screened for missing timestamps and physically
implausible values, and short isolated spikes were treated as artefacts and removed using a median-
based filter. Because probe readings may drift during the post-installation equilibration period, the
first weeks after deployment were not used for inference; subsequent analyses were restricted to May-
September 2025 (Appendixes A-F). For each sensor and depth horizon (0-10, 10-20, 20-30, 30-40, 40-
50, and 50-60 cm), daily means were calculated and then aggregated to monthly means to provide a
robust summary that is less sensitive to high-frequency noise.

To evaluate whether topographic position is associated with soil moisture, the elevation at each probe
location was treated as a fixed covariate (user-validated reference heights). For each month and depth
horizon, dependence of monthly mean VWC on elevation was quantified using Pearson correlation (linear
association), Spearman rank correlation (monotonic association, robust to non-normality and outliers),
and ordinary least-squares regression of the form VWC = a + beElevation, where the slope b represents
the expected change in monthly mean VWC per 1 m elevation difference. Given the small spatial sample
size (n = 6 sensors) and the narrow elevation range (~3 m), results are interpreted primarily in terms
of effect direction and magnitude, with p-values reported as descriptive evidence rather than definitive
hypothesis tests. All statistics were computed independently for each month—horizon combination.

Results and Discussion

Monthly mean volumetric water content (VWC, %) was computed for six soil-moisture sensors
across six depth horizons (0-10, 10-20, 20-30, 30-40, 40-50, and 50-60 cm) for May-September 2025.
Elevation at each sensor installation point was taken from user-validated reference heights (Table 2-6).
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For each month and depth horizon, the dependence of VWC on elevation was quantified using Pearson
correlation, Spearman rank correlation, and a simple linear regression model (VWC = a + beElevation).
Because the analysis is based on n = 6 sensors, the statistical power is limited, statistical power is limited;
therefore, the interpretation emphasizes effect direction, magnitude, and cross-month consistency.

Table 2 — Monthly mean VWC (%) by sensor and depth horizon, May 2025

Sensor Elev.(m) | 0-10cm | 10-20cm | 20-30 cm | 30-40 cm | 40-50 cm | 50-60 cm
1 64 133 31.82 42.29 47.10 48.80 49.15 47.99

2 64 132 36.56 46.47 48.55 49.59 49.90 49.77

3 64 132 27.12 44.36 48.30 48.65 49.42 48.79
4 64 131 37.37 48.00 48.76 48.37 49.75 49.14

5 64 130 36.71 51.17 53.20 55.27 50.75 54.81

6 64 132 23.59 43.29 48.37 48.04 46.07 48.53

Table 3 — Monthly mean VWC (%) by sensor and depth horizon, June 2025
Sensor Elev.(m) | 0-10cm | 10-20cm | 20-30 cm | 30-40 cm | 40-50 cm | 50-60 cm

1 64 133 9.02 26.43 38.40 45.15 47.62 46.76
2 64 132 11.16 19.68 30.92 43.46 47.57 48.29
3 64 132 6.88 23.00 32.54 41.84 47.38 47.75
4 64 131 13.76 35.60 47.29 47.93 49.77 49.59
5 64 130 8.29 25.40 43.49 54.68 51.18 55.16
6 64 132 19.73 40.91 47.67 48.01 46.52 49.16

Table 4 — Monthly mean VWC (%) by sensor and depth horizon, July 2025
Sensor Elev.(m) | 0-10cm | 10-20cm | 20-30cm | 30-40 cm | 40-50 cm | 50-60 cm

1 64 133 8.40 20.40 32.49 40.53 46.59 46.00
2 64 132 10.75 16.34 26.74 40.39 47.07 47.94
3 64 132 6.72 19.49 23.02 32.21 42.78 45.65
4 64 131 12.03 29.06 43.69 46.97 49.07 49.03
5 64 130 7.16 12.32 17.29 26.51 35.63 51.57
6 64 132 18.42 39.34 46.60 47.57 46.38 49.20

Table 5 — Monthly mean VWC (%) by sensor and depth horizon, August 2025
Sensor Elev.(m) | 0-10cm | 10-20cm | 20-30cm | 30-40 cm | 40-50 cm | 50-60 cm

1 64 133 9.92 17.43 29.63 38.01 46.10 45.55
2 64 132 9.85 12.92 20.64 35.41 46.64 47.82
3 64 132 8.06 19.83 21.50 29.92 40.46 43.32
4 64 131 13.68 24.15 37.71 45.31 48.26 48.36
5 64 130 9.98 11.34 12.40 11.47 17.73 42.29
6 64 132 16.90 35.05 42.87 44.66 44.23 48.25

131



EYPA3VIAABIK ATPOTEXHUKAZBIK KYPHAZ / EURASIAN AGROTECHNICAL JOURNAL / EBPA3UMICKIUI ATPOTEXHUYECKWI XKYPHAA
Ne 1 (129)/2026 ISSN 3135-243X,3135-2448

Table 6 — Monthly mean VWC (%) by sensor and depth horizon, September 2025

Sensor Elev.(m) | 0-10cm | 10-20cm | 20-30cm | 30-40 cm | 40-50 cm | 50-60 cm
1_64 133 14.64 19.90 28.12 35.90 4493 44.74

2 64 132 15.18 15.51 17.63 31.58 45.63 47.41

3 64 132 12.69 26.44 23.79 30.49 39.60 42.09
4 64 131 16.92 26.78 35.47 42.85 47.36 47.73

5 64 130 13.40 14.54 11.08 10.27 16.28 40.54

6 64 132 17.01 34.68 41.03 42.27 43.14 47.43

Elevation dependence of monthly mean soil moisture.

The elevation—VWC relationship was seasonally and vertically heterogeneous. In May, locations at
higher elevations were generally drier, with strong negative associations for 10-20 cm, 20-30 cm, and 50-
60 cm. In June and July, the negative relationship with elevation persisted primarily in deeper horizons
(40-60 cm). By August and September, shallow horizons (0-20 c¢cm) showed weak and inconsistent
associations, whereas intermediate depths (30-50 cm) exhibited a tendency toward higher VWC at
higher elevations; however, these late-season positive tendencies were not statistically significant at n =
6and should be considered indicative rather than conclusive.

Month-horizon combinations with Pearson p < 0.05 were:

*  May 2025, 10-20 cm: r=-0.95, p = 0.004; b =-3.03 % per m, R2 = 0.90.

*  May 2025,20-30 cm: r=-0.91,p=0.011; b=-1.87 % per m, R2 = 0.83.

*  May 2025, 50-60 cm: r =-0.86, p = 0.029; b = -2.08 % per m, R2 = 0.73.

e June 2025, 50-60 cm: r=-0.93, p=0.008; b =-2.67 % per m, R2 = 0.86.

*  June 2025, 40-50 cm: r =-0.86, p = 0.027; b = -1.47 % per m, R2 = 0.74.

o July 2025, 50-60 cm: r=-0.85, p=0.032; b=-1.82 % per m, R2 =0.72.

The regression slope b represents the expected change in monthly mean VWC per 1 m increase in
elevation. Given the modest elevation range across sensors (130-133 m) and the small spatial sample size,
these results may reflect not only topographic effects but also co-varying site factors(e.g., soil texture,
microrelief-driven redistribution, and management). Accordingly, elevation should be interpreted as a
proxy variable of local setting rather than a standalone causal driver.

Pearson r (Elevation vs Monthly Mean VWC)

0.50
0.25
0.00
-0.25
-0.50
=0.75
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Figure 7 — synthesizes the Pearson correlation coefficients between elevation and monthly mean VWC
across depth horizons for May-September 2025

The correlation structure is both seasonally and vertically heterogeneous. In May, higher-elevation
locations tended to be drier, with the strongest negative association at 10-20 cm (r = —0.95), followed
by 20-30 cm (r = —0.91) and 50-60 cm (r = —0.86). During June-July, negative elevation signals
persisted mainly in the deeper horizons (40-60 cm), whereas shallow horizons (0-20 cm) were weak
and inconsistent, reflecting stronger control by short-term atmospheric forcing and surface evaporation.
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By August-September, correlations at intermediate depths (30-50 cm) shifted toward weak-to-moderate
positive values, suggesting that moisture storage in the root-zone/subsoil can differ from near-surface
behavior late in the season, however, these late-season tendencies are not robust given the small sample
size (n = 6) and should be interpreted as indicative patterns rather than conclusive evidence of a reversal
in topographic control.

Regression slope (% VYWC per 1 m elevation)
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@® ® ® ® @ @
40°€ 20° A0¢ 40 $° @°
o A0 0 A o o

%

May

(=2

Jun

s

L]

(=1

Figure 8 — Presents the linear regression slopes (b) linking elevation to monthly mean
VWC for each depth horizon and month

Negative slopes dominate the early part of the growing season, indicating decreasing VWC with
increasing elevation, with the largest effect observed in May at 10-20 cm (b = —3.03 % VWC per m;
R2 = 0.90). In June, the strongest negative responses occur in the deeper horizons (e.g., 50-60 cm:
b =-2.67 % per m;R2 = 0.86), consistent with a persistent elevation gradient in subsoil water storage
during the transition to summer drying. In contrast, late-season slopes at intermediate depths (30-50 cm)
become small and occasionally positive, implying only modest increases in VWC at higher elevations.
Given the limited elevation range across the sensor network (130-133 m), even the largest estimated
slopes translate to differences on the order of 6-9 percentage points across the field-scale relief, whereas
most month—horizon combinations imply substantially smaller contrasts. Overall, the regression results
reinforce that elevation effects are depth-specific and time-dependent, and that relief height alone is
unlikely to serve as a standalone predictor providesof moisture status without accounting for co-varying
site properties.

Conclusion

This study combined a UAV-derived digital elevation model (DEM) with continuous in-situ
measurements from Sentek Drill & Drop probes to examine how modest relief variations in a large
dryland field (Field 64) relate to soil moisture dynamics during the 2025 growing season. The hypsometric
analysis confirms that the field is quasi-flat, with most of the area concentrated between 130 and 133 m
above sea level, yet this seemingly small vertical range is sufficient to create discernible differences in
the moisture regime when evaluated at appropriate depths and times.

Monthly depth profiles derived from probe telemetry show a clear vertical stratification of water
content: near-surface layers (0-20 cm) exhibit the largest seasonal amplitude and rapid depletion during
summer, whereas deeper horizons (40-60 cm) maintain higher and more stable VWC, consistent with
their larger storage capacity and weaker coupling to short-term atmospheric demand. This depth-
resolved behavior highlights the value of multi-horizon telemetry for interpreting root-zone conditions
and for separating transient surface drying from longer-term subsoil water availability.

The elevation-moisture relationship is not monotonic through the season. Early in the season (May),
higher-elevation positions were generally drier at several horizons, with statistically strong negative
associations at 10-20 cm and 20-30 cm. During June-July, the negative elevation signal was most evident
in the deeper layers (40-60 cm), indicating that topographic position may influence subsoil storage as the
profile transitions into summer drying. By August-September, intermediate depths (30-50 cm) displayed
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weak-to-moderate positive tendencies, while the shallow horizons remained inconsistent, suggesting
that late-season moisture patterns may be governed by a combination of redistribution processes, soil
heterogeneity, and management effects rather than elevation alone. Because the analysis is based on
only six point locations and a narrow elevation span, elevation should be viewed as a proxy descriptor
of local setting; co-varying factors such as texture, compaction, microrelief-driven runoff/run-on, and
residue cover may contribute materially to the observed contrasts.

From an applied perspective, the results support using DEM products as part of a multi-layer
diagnostic framework for precision agronomy, particularly when combined with in-situ sensing and
remotely sensed moisture indicators (e.g., NDWI). Relief-derived zones can help stratify sampling and
guide variable-rate decisions, but the present findings caution against treating elevation as a universal
predictor across depths and months. Future work should extend the analysis to multiple years, increase the
number of sensor locations, and incorporate additional terrain derivatives (slope, curvature, topographic
wetness index) and soil covariates to better isolate causal drivers and improve predictive skill for field-
scale moisture mapping in the dry steppe of Northern Kazakhstan.
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Coarycrik Kazakcranaarsl arpoajnkanrapjaa xep Oeaepi e3reprimririnig
TONBIPAK bUIFAJABLIBIFBIHA dCepi

Paxumxanos b., Cugopux A.

Tyiiin

AnFpiiaptTap MeH MakcaT. KeHecTik Ke3eHJIeTi JKep pecypcTapblH JKocmapiay JKYHeciHiH
notwxecinae Conrycerik Kazakcrangarer ipi arpoAJIKanTap Tapuxu TYPFBIIA Kep OenepiHig
epeKUIeTiKTepiHe emMec, SKIMIIUTIK IeKapanapra cyieHin OemiHreH, Oy xKapTbulail KyaH Karnaiiapaa
TOIIBIPAK bUIFAJIBUTBIFBIHBIH KEHICTIKTIK OPKEIKUIITiH KyIIeHTyi MyMKiH. 3epTTeyai MakcaTsl — BITJIA
ApKBUTBI aJBIHFAH JKep Oeaepi NMepekTepi MeH in-situ JaTYUKTEpiHIH TEJIEMETPHSICHIH IalIalaHbIIl,
OKUIIIIK Kapa TOMBIPAKTHI (YEPHO3EM) aiKarnTa MHUKpOXep OelepiHiH TOMBIPaK BUIFAIBUTBIFBIHBIH
TapayblHa SCepiH CaH/AbIK TYpFblia Oaranay.

Marepuannap meH aaicrep. 3eprrey Kazakcran, Kocranaii oonbickiHaarsl No 64 chiHaK ankaObIHAa
(440 ra) sxyprizinmi. JXKorapel aWbBIpBIMABI CaHABIK >kep Oemepi momenpaepi (CXKBM) BITJIIA
(hotorpammerpusicel (Mavic 2 Pro; 2024 sx. TambI3) HeTi3iHIE jKacajblll, OWIKTIK TpaTUeHTTEPiH
cunarrayra xoimmganeuael. Sentek Drill & Drop tunti anter 3087 (0-60 cMm, 10 cM Kamgam) OWiKTiK
JIaria30HbI OOMBIHIIA OpHATHLIBI, 2025 3x. MaMbIp-KbIpKYHeK apaibiFbiHaa op 30 MUH cailblH KOJIEMIIK
cy moemmepia (VWC) Tipkeni; MaTIuK TEIEeMETPHSICHI CamaiblK OaKplIaydaH OTil, aljblK opTaria
MOHJIEpre arperartaiasl. bUIKTIKTIH ocepi op aif JkoHe op TepeH ik KabaTwl OolibiHIIa [InpcoH xoHe
CriupMeH Koppessinusiiapbl, COHal-aK eH Killli KBagpaTTap 9iCiHJIET] ChI3BIKTHIK PErPEeCCHsl apKbLIbI
Oarananel (VWC = a + bebuikTik).

Hormxkenep. 3onaTap opHagackaH HYKTeIepAeTi OMIKTIK alfbIpMachl IaFblH OOIFaHbIHA KapaMacTaH
(~3 ™M), aliyBIK OpTalla BUFAIIBUIBIK OWIKTIKIIEH TYPaKThI TYp/e opTaiia OaiTaHbIc KOpCceTTi, acipece
MayCBIMHBIH OachIH/Ia sk9HE TepeH KabarTapaa. [Inpcon OoibIHIIIa CTATHCTUKAIIBIK MOH/1 OaimaHbICTap
(p < 0,05) mampip aiteiama 10-20 cm (r=—0,95; b =—3,03% VWC/m; R? =0,90), 20-30 cm (r = —0,91;
b=-1,87%/m; R*=0,83) xone 50-60 cm (r=—0,86; b =—2,08%/m; R>=0,73) kabarrapsitaa GaiKaib.
Maycemmaa Mol acep 40-50 cm (r = —0,86; b = —1,47%/m; R2 = 0,74) sxone 50-60 cMm (r = —0,93;
b = —2,67%/M; R? = 0,86) kabartapsinaa cakranzpl, an mrigaene 50-60 cm kabdateiga (r = —0,85;
b = —1,82%/m; R? = 0,72) aubIkTanasl. by ToMeH MUKPOTOTIOrPaUsIIBIK TO3UIMSIIAP/a BITFAI/IBIH
JKYHENl TypJie >Korapbl OOaTBIHBIH KOPCETET].

Kopsiteiaapst. BIIJIA-nan anpiaran xep Oenepi MeTpUKaNIapblH TEPEH K OOMBIHIITA aKbIPATHUTFAH
TOIBIPAK ~BUIFAJIABUIBIFBl  TEJIEMETPUSACBIMEH OipiKTipy ipi Jananblk arpoajkantapia TaMblp
aiiMaFrbIHIAFbl CY KOPBIHBIH MUKPOTOINOrpadusUIbIK 0aKbUIayIBUIAPEIH aHBIKTayFa MYMKIHAIK Oepe/i.
AHBIKTaTFaH «OMIKTIK-BUIFANABUIBIKY TPAAUCHTTEPl ANKAMINIUTIK 30HUPNIEYIi, BUIFAT YHEMIACY
LIapangapblH HbICaHAIIBI XKocnapiay sl skoHe ContycTik Ka3akcrannarbl KallbIKTaH 30HATAY OHIMIACPiH
(TombIpaK BUIFANABUIBIFE) HHTEPIPETALUSIIAY IbIH TYPAKTBUIBIFBIH apTTHIPY/Ibl KOJAANHIbI.

Kinr ce3mep: TOmbIpak; bUIFAIBUIBIK; kep Oeiepi OWIKTIri OOHBIHIIA CErMEHTAIUS; TOIBIPAK
BUTFAIIZIBUTBIFBI TeTIeMeTpusichl; arpoankantapas! bITJIA-men ckanepney; Contycrik Kazakcras.

Bausinue Bapuanuii peabeda Ha BJIAKHOCTH MOUBBI HA arpomnoJsix CeBepnoro Ka3zaxcrana
Paxumxanos b., Cugopuxk A.

AHHOTANUA

[Ipeanocsuikn U nenb. B pesynbTare COBETCKOH CHUCTEMBl IUIAHUPOBAHUS 3€MJICTIOJIB30BAHMUS
kpymnHble arponosisi CeBepHoro Kazaxcrana MCTOpHUYECKH (OPMUPOBAIUCH MO aAMUHUCTPATUBHBIM
rpaHMIiaM, a He TI0 OCOOCHHOCTSIM pelibeda, UYTO B IMOJIy3aCyIUIMBBIX YCIOBHSX MOMKET yCHUIMBATh
HEOJIHOPOIHOCTh MOYBEHHOM Biary. Llens nccnenoBanms — KOJMMYECTBEHHO OIEHUTh, KAK MEKPOpehed
BIMSIET HA paclpelesieHUE BJIAKHOCTH IMOYBBI B PEIPE3CHTATHBHOM UYEPHO3EMHOM II0JIE Ha OCHOBE
BIIJIA-npon3BOAHBIX TaHHBIX penbeda U TeNeMETPUH in-situ JaTYNKOB BIAKHOCTH.

Martepuansl 1 MeToabl. MccnenoBanue BinosiHeHO Ha TecToBoM Tojie Ne 64 (440 ra), Kocranaiickas
o0xmacte, Kazaxcran. Beicokoneranbubie nndpossie Moaenu penseda (LIMP) momydenst mo gaHHbIM
totorpammerpuu BITJIA (Mavic 2 Pro; aBryct 2024 r.) u HCIIONIB30BaHBI JJIsl OMTUCAHHS TPAJHECHTOB
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BbIcoThl. Illects 30H10B Sentek Drill & Drop (0-60 cm, mar 10 cM) ObUIM yCTaHOBJIEHBI B AMANIA30HE
BBICOT M peructpupoBayin 00bEMHYI0 BiaxHocTs (VWC) ¢ untepBasiom 30 MHH B HepuOJ Maii-
ceHTsi0pp 2025 r.; TeneMeTpuyecKre JTaHHbIC MPOIUIA KOHTPOJIb KayecTBa U ObLTH arperupoBaHbl J10
CpeTHeMECSYHBIX 3HAYeHWH. BIusHME BBICOTHI OIIEHMBAJM AHATUTHYECKH JUIS KaKJIOTO Mecsma H
Ka)XI0r0 TOPU30HTA MO IIIyOnHE ¢ Ucrosib30BaHueM Koppessinuid [lupcona n CrnupmeHa u TMHEHHOR
perpeccun MeTo oM HauMeHbIuX kBaapatoB (VWC = a + beBricoTa).

Pesynbrartel. HecMoTpst Ha HeOONBIION IMama3oH BBICOT (~3 M B TOYKAax YCTaHOBKH 30HOB),
cpeaHeMecsyHas BIaXKHOCTh TIOYBBI JIEMOHCTPHUPOBAja YCTOWYMBBIE YMEPEHHBIE CBSI3U C BBICOTOM,
0COOCHHO B Hayayie ce30Ha U B OoJiee TIy0OKHuX ropu3oHTaX. CTaTUCTUYECKH 3HAYNMBIE 3aBUCHMOCTH
o ITupcony (p < 0,05) BeIsiBNICHBI B Mae Ha rayounax 10-20 cm (r = —0,95; b = —3,03% VWC Ha 1
M; R2=0,90), 20-30 cm (r=-0,91; b =-1,87% ua 1 m; R2=0,83) u 50-60 cm (r = —0,86; b = —2,08%
Ha 1 m; R* = 0,73). B utone 3Haunmbie 3G dekTs coxpansutich Ha 40-50 cm (r = —0,86; b = —1,47%
ma 1 m; R?2=0,74) u 50-60 cm (r = —0,93; b = —2,67% na 1 m; R?> = 0,86), a B utone — Ha 50-60 cm
(r=-0,85;b=-1,82% na 1 m; R>=0,72), 4T0 yKa3bIBacT Ha CHCTEMATHUCCKU OOJIEE BIIAYKHBIC YCIIOBHS
B OHM)KEHHBIX MUKPOTOMOTPa(QUIECKUX MO3HUIUSIX.

3axmouenue. MHTerpanus MeTpuk penbeda, momydeHHBIX 1Mo maHHBIM BIUJIA, ¢ mocnoiinoit
TeleMeTpHel BIKHOCTH TIOYBHI TIO3BOJISIET BHISBISITH 3HAYMMbBIE MHUKpoTOnorpaduyeckue (GpakTopsl,
OTIpEaeISIoNre BOJOOOECIIEYCHHOCT, KOPHEOOMTAEMOr0 CJIOSI B KPYMHBIX CTEMHBIX arpomnoJsx.
BrIsIBIICHHBIE TPaJIMEHTHI «BBICOTA-BIAKHOCTB» MOTYT OBITh WCIOJNB30BaHBI IS BHYTPUIIOJIECBOTO
30HUPOBAHUSI, AJPECHBIX BIIArOCOEPErarNnxX MEpONpHUsITHH H Ooliee KOPPEKTHOW HHTEpIpeTaIuu
CIIYTHUKOBBIX MPOJTYKTOB BIIakHOCTH TTouBHEI B CeBepHoM Kazaxcrane.

KitroueBble cj10Ba: 0YBa; BIaKHOCTH; CETMEHTAIMS 110 BBICOTE penibeda; TeIeMeTpHsl BIaXXHOCTH
nouBsl; BITJIA-ceéMka arponosneii; CeBepHslii Kazaxcran.

Appendixes (A-F) Sentek Soil Sensors telemetry
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Soil temperature: sensors 1-6 [°C]

A-soil sensor telemetry of sensor # 1 64, May to September 2025
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Soil temperature: sensars 1-6 [°C]

B-soil sensor telemetry of sensor # 2_64, May to September 2025
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Soil temperature: sensors 1-6 [°C]

C-soil sensor telemetry of sensor # 364, May to September 2025

140



EYPASVISIABIK, ATPOTEXHVIKA/IBIK JKYPHA/L / EURASIAN AGROTECHNICAL JOURNAL / EBPASUVCKIY ATPOTEXHVYECKV JKYPHAA
Ne1(129)/2026 ISSN 3135-243X, 31352448

4_p463293

un

e CONEORANNE B o (VW) 5]

12May 26May 9Jun 23 Jun T7jul  21Jul 4Aug 18Aug 1Sep 15Sep 29 Sep
Soil moisture (EAG): sensors 1-6 [%]

1750

1250

BaCNEHHICTY Memd bl [VIC]

12May 26May 9Jun 23 Jun  Tjul 21 Jul 4Aug 18Aug 1Sep 15Sep 29 Sep
Volumetric ionic content: sensors 1-6 [VIC]

epatypa [*C]

12 May 26May 9Jun 23jun  TJul  21Jul 4Aug 18Aug 1Sep 15Sep 29 Sep
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D-soil sensor telemetry of sensor # 4 64, May to September 2025
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E-soil sensor telemetry of sensor # 5 64, May to September 2025
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F-soil sensor telemetry of sensor # 6_64, May to September 2025
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